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1
METHOD OF PURIFYING NANODIAMOND
POWDER AND PURIFIED NANODIAMOND
POWDER

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a Divisional of U.S. patent application
Ser. No. 13/536,502 filed Jun. 28, 2012, which is hereby
incorporated by reference herein in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method of purifying
nanodiamond powder and highly-purified nanodiamond
powder.

2. Description of the Related Art

Nanodiamonds are used as abradants because of their
hardness, and they can also be used as an insulating material,
an optical material, and a biomedical material.

In W0O2007/133765, Gogotsi, et al. disclosed an oxidiza-
tion process to remove sp> carbon from commercially avail-
able nanodiamond powder. However, a small percentage of
sp? carbon can still be detected after the oxidization process.
In addition to the removal of sp® carbon, metal impurities
might be an issue when the nanodiamonds are used as an
optical or biomedical material.

SUMMARY OF THE INVENTION

Embodiments of the present invention provide an appa-
ratus and a method for nanodiamond purification.

According to an aspect of the present invention, a puri-
fication method of a nanodiamond powder is provided that
includes preparing the nanodiamond powder, heating the
nanodiamond powder at between 450° C. and 470° C. in an
atmosphere including oxygen, performing a hydrochloric
acid treatment to the heated nanodiamond powder, and
performing a hydrofluoric acid treatment to the nanodia-
mond powder obtained after performing the hydrochloric
acid treatment.

According to another aspect of the present invention, a
nanodiamond powder is provided having sp® carbon,
wherein the content of S (sulfur), Fe (iron), Al (aluminum),
and Si (silicon) in the powder is each less than 0.01 wt %.

Further features of the present invention will become
apparent from the following description of exemplary
embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a thermogravimetric analysis (TGA) spec-
trum of a nanodiamond powder before oxidation.

FIGS. 2A and 2B show electron energy loss spectroscopy
(EELS) spectra of a nanodiamond powder before and after
heat treatment, respectively.

FIGS. 3A, 3B, 3C, and 3D show energy dispersive x-ray
spectroscopy (EDAX) spectra of a nanodiamond powder at
different steps in a purification process, and each curve
shows a different measurement point in the same sample.

FIG. 4 shows EELS spectra of a nanodiamond powder at
different steps in a purification process.

FIG. 5 shows EELS maps recorded on nanodiamond
powder after heat treatment.

FIG. 6A shows blue and gray nanodiamond powders
separated using centrifugation.
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2

FIG. 6B shows white, blue and gray nanodiamond pow-
ders separated using a density gradient separation technique,
along with their transmission electron microscopy (TEM)
images.

DESCRIPTION OF THE EMBODIMENTS

According to aspects of the invention, a purification
method for purifying nanodiamond powder can include the
following three steps. The first step is a heating step to
oxidize carbon impurities (sp> carbon) in order to remove
them from a nanodiamond powder. The heating can be
executed in an atmosphere including oxygen. The atmo-
sphere can be an air, or an oxygen gas. The temperature of
the heating can be selected from between 450° C. and 470°
C. For example, the powder can be heated at 460° C. FIG.
1 shows the TGA spectrum of as-purchased nanodiamond
powder. The oxidation process onsets at about 460° C.
(indicated as a dashed line) in this spectrum, as evident from
the radiated thermal energy peak.

When a purchased nanodiamond powder substantially
doesn’t have sp? carbon before the first step, the heating step
can be omitted.

The second step is to remove metal impurities, especially
transition metals, from the nanodiamond powder after the
oxidization process. To remove the metal impurities, a
hydrochloric acid can be used. Hydrochloric acid may
provide a high reaction rate with the transition metals. The
hydrochloric acid may be provided as a solution of from
10% to 38.5% by weight of hydrochloric acid, such as a
solution of 37% by weight hydrochloric acid. Hydrobromic
and hydroiodic acids might also be used instead of using the
hydrochloric acid.

The third step is to remove other impurities, such as
silicon, silicon dioxide, aluminum, and aluminum silicate.
To execute the third step, a hydrofluoric acid can be used.
The hydrofluoric acid may be provided as a solution of from
4% to 48% by weight of hydrofluoric acid, such as a solution
of 47% by weight hydrofluoric acid.

After the third step, a density gradient technique can be
executed in order to classify the nanodiamonds, optionally.
The density gradient technique allows for separation of the
purified nanodiamonds on the basis of density, which may
provide separation of nanodiamond materials according to
particle size and/or number of particle clusters. According to
one embodiment of a density gradient technique, a linear
density gradient can be prepared using 60% OptiPrep™ (a
commercially available density gradient solution comprising
a solution of iodixanol) in distilled water, with relative
densities of 60%, 50%, 40%, 30%, and 20%. One beaker is
prepared for each ratio and stirred for 15 minutes to ensure
good mixing. 14 ml of each in order of decreasing density
are carefully added to a 70 ml centrifuge tube via syringe.
The resulting structure is centrifuged at 3500 rpm for 20
minutes in order to linearize the density within the tube. A
sample of centrifuged nanodiamond, possessing both a blue
layer and a gray bulk material, is agitated in deionized water
and 1 gram sodium cholate surfactant. The mixture is then
sonicated and injected into the linear density gradient which
is centrifuged at 3500 rpm for 99 minutes. The small amount
of material spreads out to form a large cloud, and liquid is
extracted from three regions within the density gradient and
centrifuged separately. The isolated solid is collected and
dissolved in a small amount of deionized water. Each of the
solids collected from the extracted regions of the density
gradient can be further classified according to one or more
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of color, particle size and particle cluster size, among other
features, as discussed in further detail below.

Example 1

Nanodiamond powder can be produced via a detonation
synthesis, and also commercially obtained.

Step I: Isothermal Treatment

An example of an isothermal treatment procedure is as
follows. As-purchased nanodiamond powder (1.57 g) was
placed in an oven at 460° C. for 1 hr. After removing it from
the oven, the resulting powder was cooled down to room
temperature to give ND_Is0o460-1hr as a light gray powder
(1.43 g, 91% yield).

Isothermal cleaning at 460° C. for approximately 1 hr
effectively removes sp” carbon that is present in the pur-
chased powder. The level of sp carbon has primarily been
estimated by electron energy loss spectroscopy (EELS),
where spectral features are observed associated with sp®
carbon (at ~285 V) and sp” carbon (at about ~294 V). The
EELS spectra can be recorded using a scanning transmission
electron microscope (JEOL 2010F), operated at 200 kV,
equipped with TEM/STEM and Gatan high-resolution GIFT
EELS detectors.

As an example, FIGS. 2A and 2B show the EELS spectra
for the nanodiamond powder, before and after the isothermal
treatment, respectively. According to FIGS. 2A and 2B, it is
observed that sp” carbon substantially doesn’t exist in the
powder after isothermally heating the sp* carbon. When a
purchased nanodiamond powder substantially doesn’t have
sp? carbon before the isothermal cleaning step, this step can
be omitted.

After the isothermal treatment, the content of sp> carbon
was found to be less than 0.01 wt %, as determined from
high resolution EELS maps obtained after isothermal treat-
ment.

FIG. 5 shows EELS maps recorded on isothermally
cleaned nanodiamond powder. Using GATAN EELS analy-
sis software the concentration of sp> C was calculated as
2042£125 atoms/nm>, which corresponds to 3.39x0.21
g/cm’®, comparable to diamond density of 3.515 g/em’.
Similar measurements over the reconstructed sp> map over
284-290 eV yields a sp® concentration 4.6x10™* atoms/nm?>
with residual map density of ~107> atoms/nm>. Assuming
the residual map density as the measurement noise level, it
is concluded that the sp> C/sp® C ratio is ~5x1077, which
corresponds to less than 0.01 wt % of sp carbon.

Step 1I: Hydrochloric Acid Treatment

An example of an HCl treatment procedure is as follows.
The nanodiamond powder (1.21 g) obtained after the iso-
thermal treatment was placed in 30 mL of 37% hydrochloric
acid. The mixture was heated to 120° C. with stirring for 1
hr. After heating at 120° C. for 1 hr, the resulting suspension
was poured into 200 mL of deionized water. The suspension
was allowed to settle overnight to precipitate sufficient
nanodiamond. The supernatant was removed gently. The
remaining precipitate was repeatedly rinsed with deionized
water until reaching the same pH as deionized water, and
dried overnight at 100° C. in vacuo to give ND_Is0460-
1hr_HCI-1 hr as a light gray powder (0.91 g, 75% yield).

Step III: Hydrofluoric Acid Treatment

An example of an HF cleaning treatment procedure was
performed as follows. Nanodiamond powder (0.20 g)
yielded from the above HCl treatment was placed in 10 mL
of 47-51% hydrofluoric acid. The mixture was stirred at
room temperature for 80 min before the resulting suspension
was poured into 200 mL of deionized water. This suspension
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was allowed to settle for 3 hours to precipitate sufficient
nanodiamond. The supernatant was removed gently. The
remaining precipitate was repeatedly rinsed vigorously with
deionized water until reaching the same pH as deionized
water, and dried overnight at 100° C. in vacuo to give
ND_Is0460-1 hr_HCl-1hr_HF-80 min as a light gray pow-
der (0.15 g, 75% vyield). Plastic labware was used here
instead of laboratory glassware, due to the corrosive effects
of HF.

Energy dispersive X-ray (EDAX) analysis is a technique
that can be performed with a scanning electron microscope
and can provide quantitative information on the elements
present in a given field of view. For each sample, eleven
fields (50 umx50 pm) were analyzed. The EDAX spectra
were observed with the Hitachi S-3400 and S-4800. K_*
energies between 0 and 11 keV were measured, which
covers the majority of elements in the periodic table com-
bining Lo and ko peaks.

FIG. 3A shows EDAX spectra of nanodiamonds as-
purchased. The horizontal line is energy in kiloelectron volts
(keV), and the vertical line (not shown) is relative intensity.

The primary peak positions of S (sulfur), W (tungsten), Ta
(tantalum), Fe (iron), Cr (chromium), Mn (manganese), Al
(aluminum), Ag (silver), Ca (calcium), Cu (copper), Ti
(titanium), Si (silicon), and Cl (chlorine) are 2.307 (S), 1.774
and 8.396 (W), 1.709 and 8.145 (Ta), 0.705 and 6.403 (Fe),
0.573 and 5.414 (Cr), 0.637 and 5.898 (Mn), 1.486 (Al),
2.984 (Ag), 0.341 and 3.691 (Ca), 0.930 and 8.040 (Cu),
0.452 and 4.510 (Ti), 1.740 (Si), 2.622 (Cl), respectively.

FIGS. 3B through 3D show nanodiamond EDAX spectra
after the each of the purification steps, namely isothermal
treatment, hydrochloric acid treatment, and hydrofluoric
acid treatment.

FIG. 3B shows the results after isothermal cleaning. There
are only minor changes in the EDAX spectrum after iso-
thermal cleaning, since no metals are presumed to be
removed by this process.

The hydrochloric acid step (second step) removes transi-
tion metals such as Fe, Cr, Ni, as well as other metals that
readily form a water soluble metal chloride. FIG. 3C shows
EDAX spectra after HCI cleaning, where it can be clearly
seen that many of the metals present in the as-received and
isothermally cleaned samples in FIGS. 3A and 3B are no
longer present, in fact, almost all that remains are Al, Si, S,
Cl and small amounts of iron.

In the hydrofluoric acid treatment (third step) of the
cleaning process, the remaining non-carbon elements, pri-
marily Al and Si, are removed using hydrofluoric acid. FIG.
3D shows the EDAX spectra after the HF cleaning step, and
it can be seen that only carbon and oxygen are left as
impurities in the sample.

The above described three-step purification process was
designed to remove the carbon impurities (non-sp> carbon)
and inorganic impurities (metal species, oxides, etc.) which
are included in commercially available nanodiamonds. The
purification process may include (1) isothermal treatment for
removal of non-diamond carbon, (2) hydrochloric acid treat-
ment for removal of transition metals, and (3) hydrofluoric
acid treatment for removal of remaining non-carbon species,
including aluminum, and silicon.

Table 1 summarizes the quantitative EDAX data showing
the wt % of species in the nanodiamond powder during
different stages of the purifying process, including for the
powder as-received, after isothermal heat treatment, after
hydrochloric acid treatment, and after hydrofluoric acid
treatment. The table shows that the completely cleaned
nanodiamond powder substantially does not have any found
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metals (NF=not found), at the level of 0.01 wt %. The level
of 0.01 wt % is arrived at using a high-resolution leading
edge EDAX measurement system such as in S-4800 and
JEOL 2010F, which has resolution (lowest detection sensi-
tivity) of few atomic %, particularly for elements with
atomic number Z>11. Sensitivity of this technique increases
with increasing atomic number. Accordingly, as an array of
elements with varied atomic numbers are included, the
detection limit (lowest detection sensitivity) can be conser-
vatively estimated as 0.01 wt %. This data, together with the
EELS data, shows that the major extrinsic sources of color,
namely sp” carbon and metal impurities, have been removed
from the nanodiamond to at least the level of 0.01%, and
significantly lower in the case of sp* carbon.

TABLE 1

Quantitative EDAX data (unit: wt %)

Isothermal

As 460° C., HCI HF
Component Received 1 hr, Air treatment treatment

S 1.17-1.35 0.8-0.9 0.75-0.9 NF
W 0.25 0.24 NF NF
Ta 0.18 0.19-0.2 NF NF
Fe 0.1 0.15-0.2 <0.01 NF
Cr 0.3-0.5 0.5-0.7 NF NF
Mn 0.01 0.02 NF NF
Al 0.01 0.08 0.1-0.12 NF
Ag 0.16 <0.01 NF NF
Ca 0.01 0.01-0.02 NF NF
Cu 0.05 0.04 NF NF
Ti 0.02 0.04 NF NF
Si 0.15 0.2-0.25 0.2-0.35 NF
Cl 1.1-1.2 1.2-1.3 0.05 NF

Example 2

In order to establish that the improved cleaning process
does not reintroduce sp carbon, a series of EELS measure-
ments were made on nanoparticles taken after each step by
using a commercial nanodiamond powder with little or no
sp> C, purchased from Sigma-Aldrich. FIG. 4 shows that,
other than overall signal level variation, there is no change
in the EELS spectrum during the cleaning process. In FIG.
4, the horizontal line is energy in eV, and the vertical line
(not shown) is EEL signal count.

After HF cleaning and washing with water, the nanodia-
mond powder was subjected to centrifugation, upon which
the powder separated into two distinct layers, blue on top of
gray, as shown in FIG. 6A. Under transmission electron
microscopy (TEM) the blue layer was found to contain
smaller particles with the least number of particle clusters.
The gray was found to contain mostly clusters of particles.
Since nanoparticle clusters often exhibit increased optical
scattering, the blue layer having fewer clusters is of interest
for optical applications, such as in developing high refrac-
tive index composites. Purified gray material can also be
used for other applications such as sensors or abrasive
materials. The blue layer contained smaller particles but also
a large range of diameters. To further size purify these
particles the blue layer was subjected to the density gradient
separation technique, as described above.

Example 3

By using the density gradient technique described above,
the nanodiamond powder can be classified as follows.
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FIG. 6B shows the separated white, blue and gray nano-
diamond powders along with their transmission electron
microscopy (TEM) images. The white layer (collected from
the top in the density gradient method) contained particles
with diameter 7+2 nm, and clusters with average diameter of
35£10.2 nm. The blue layer (collected from the bottom
layer) contained particles with diameter of 54 nm and
clusters of 102+60.0 nm. The gray layer, which is very
similar to bulk, was found to contain particles with diameter
of 5£7 nm and 220+85.0 nm clusters. Thus, the density
gradient separation technique allows for the separation of
nanodiamond layers according to particle sizes and/or num-
ber of particle clusters, such as to allow for isolation of
layers having reduced particle sizes and/or reduced numbers
of particle clusters. Of the separated layers, the nanodia-
mond particles recovered from the white layer may provide
characteristics suitable for optical applications because of
low optical scattering from the smaller particles and the
small number of clusters present in the white layer. Particles
from the blue layer can also be used for wavelength specific
optical applications such as luminescent particles in biologi-
cal tagging and as sensors. The particles separated from the
gray region are very similar to the ones separated from the
gray layer following centrifugation as described above, and
can be used for similar applications.

A cluster was defined as a collection of individual nano-
particles that are attached to each other in the TEM images,
a minimum number of particles that were considered in this
estimation of cluster size was 2. TEM images recorded in
300 k magnification were used and at this magnification
TEM instrument has ~0.6 nm resolution. Using program
Imagel the pixels were calibrated for the size based on the
sale bar printed on each TEM image. A total of 5 sets of
TEM images were used for each particle.

Nanodiamonds have been widely used in applications
ranging among abrasives, coatings, lubricants, polymer
composites, electronic devices, and the biomedical field.
Nanodiamonds cleaned according to aspects of the invention
can work more effectively for these and other applications
than commercial nanodiamonds containing some impurities.
Aspects of the invention can provide a high efficiency
purification method, as shown above, which yields nanodia-
monds that are much purer than nanodiamonds produced by
existing cleaning processes.

Despite the removal of sp” carbon and substantially all
measurable metal impurities in the cleaning process, the
resulting nanodiamond may remain a light gray color in
some cases. Accordingly, further separation of large par-
ticles using the disclosed density gradient technique has
been shown to be effective in further reducing gray color.

As explained above, sp” carbon and metal contaminations
can be removed to obtain purified nanodiamonds. The
purified nanodiamonds can fully demonstrate their bulk
character with respect to mechanical properties, chemical
stability, optical properties (i.e. high refractive index), elec-
tric properties, and thermal conductivity. They can be used
as materials for transparent resin, glass, or plastic. For
example, the purified nanodiamonds can be used in a glass
lens or a plastic lens. Since the content of the metal
impurities in the purified nanodiamonds is very low, such
purified nanodiamonds can also be used as biomedical
materials.

While the embodiments according to the present inven-
tion have been described with reference to exemplary
embodiments, it is to be understood that the present inven-
tion is not limited to the above described embodiments. The
scope of the following claims is to be accorded the broadest
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interpretation so as to encompass all such modifications and
equivalent structures and functions.

What is claimed is:

1. Nanodiamond powder comprising sp> carbon, wherein

a content of sp® carbon is less than 0.01 wt %; and

a content of S (sulfur), Fe (iron), Al (aluminum) and Si

(silicon) is each less than 0.01 wt %, wherein the
nanodiamond powder comprises clusters of a nanodia-
mond particle, and an average diameter of the cluster is
less than 102 nm.

2. The nanodiamond powder according to claim 1,
wherein

a content of W (tungsten), Ta (tantalum), Cr (chromium),

Mn (manganese), Ag (silver), Ca (calcium), Cu (cop-
per), and Ti (titanium) is each less than 0.01 wt %.

3. The nanodiamond powder according to claim 2,
wherein the content of W (tungsten), Ta (tantalum), Cr
(chromium), Mn (manganese), Ag (silver), Ca (calcium), Cu
(copper), and Ti (titanium) is each determined by EDAX.

4. The nanodiamond powder according to claim 1,
wherein

carbon and oxygen are present; and

S (sulfur), W (tungsten), Ta (tantalum), Fe (iron), Cr

(chromium), Mn (manganese), Al (aluminum), Ag (sil-
ver), Ca (calcium), Cu (copper), Ti (titanium), and Si
(silicon) are not substantially present, wherein presence
is determined by EDAX.

5. The nanodiamond powder according to claim 4,
wherein the content of S (sulfur), W (tungsten), Ta (tanta-
lum), Fe (iron), Cr (chromium), Mn (manganese), Al (alu-
minum), Ag (silver), Ca (calcium), Cu (copper), Ti (tita-
nium), and Si (silicon) is each determined by EDAX.

6. The nanodiamond powder according to claim 1,
wherein the content of S (sulfur), Fe (iron), Al (aluminum)
and Si (silicon) is each determined by EDAX.

7. The nanodiamond powder according to claim 1,
wherein the content of sp® carbon is determined by EELS.

8. The nanodiamond powder according to claim 1,
wherein an average diameter of particles is less than 10 nm.

9. The nanodiamond powder according to claim 1,
wherein a color of the powder is white or colorless.

10. The nanodiamond powder according to claim 1,
wherein a color of the powder is blue.

11. The nanodiamond powder according to claim 1,
obtained by a process comprising:

preparing the nanodiamond powder;

heating the nanodiamond powder at between 450° C. and

470° C. in an atmosphere including oxygen to reduce a
content of sp? carbon;
after heating the nanodiamond powder to reduce the
content of sp® carbon, performing a hydrochloric acid
treatment on the heated nanodiamond powder; and

performing a hydrofluoric acid treatment on the nanodia-
mond powder obtained after the hydrochloric acid
treatment,

wherein a content of S (sulfur), Fe (iron), Al (aluminum)

and Si (silicon) is each reduced.

12. The nanodiamond powder according to claim 1,
obtained by a process comprising:

performing a density gradient separation process to sepa-

rate the nanodiamond powder according to one or more
of particle size and number of particle clusters.
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13. Nanodiamond powder comprising clusters of a nano-
diamond particle comprising sp> carbon, wherein

an average diameter of clusters is less than 45.2 nm;

a content of sp? carbon is less than 0.01 wt %; and

a content of S (sulfur), Fe (iron), Al (aluminum) and Si

(silicon) is each less than 0.01 wt %.

14. The nanodiamond powder according to claim 13,
wherein an average diameter of particles is less than 10 nm.

15. The nanodiamond powder according to claim 13,
wherein a color of the powder is white or colorless.

16. The nanodiamond powder according to claim 13,
wherein a color of the powder is blue.

17. The nanodiamond powder according to claim 13,
wherein

a content of W (tungsten), Ta (tantalum), Cr (chromium),

Mn (manganese), Ag (silver), Ca (calcium), Cu (cop-
per), and Ti (titanium) is each less than 0.01 wt %.

18. The nanodiamond powder according to claim 17,
wherein the content of W (tungsten), Ta (tantalum), Cr
(chromium), Mn (manganese), Ag (silver), Ca (calcium), Cu
(copper), and Ti (titanium) is each determined by EDAX.

19. The nanodiamond powder according to claim 13,
wherein

carbon and oxygen are present; and

S (sulfur), W (tungsten), Ta (tantalum), Fe (iron), Cr

(chromium), Mn (manganese), Al (aluminum), Ag (sil-
ver), Ca (calcium), Cu (copper), Ti (titanium), and Si
(silicon) are not substantially present, wherein presence
is determined by EDAX.

20. The nanodiamond powder according to claim 19,
wherein the content of S (sulfur), W (tungsten), Ta (tanta-
lum), Fe (iron), Cr (chromium), Mn (manganese), Al (alu-
minum), Ag (silver), Ca (calcium), Cu (copper), Ti (tita-
nium), and Si (silicon) is each determined by EDAX.

21. The nanodiamond powder according to claim 13,
wherein the content of S (sulfur), Fe (iron), Al (aluminum)
and Si (silicon) is each determined by EDAX.

22. The nanodiamond powder according to claim 13,
wherein the content of sp® carbon is determined by EELS.

23. The nanodiamond powder according to claim 13,
obtained by a process comprising:

preparing the nanodiamond powder;

heating the nanodiamond powder at between 450° C. and

470° C. in an atmosphere including oxygen to reduce a
content of sp? carbon;
after heating the nanodiamond powder to reduce the
content of sp® carbon, performing a hydrochloric acid
treatment on the heated nanodiamond powder; and

performing a hydrofiuoric acid treatment on the nanodia-
mond powder obtained after the hydrochloric acid
treatment,

wherein a content of S (sulfur), Fe (iron), Al (aluminum)

and Si (silicon) is each reduced.

24. The nanodiamond powder according to claim 13,
obtained by a process comprising:

performing a density gradient separation process to sepa-

rate the nanodiamond powder according to one or more
of particle size and number of particle clusters.
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